Under the Pacific Ocean off the south coast of Peru the Nazca tectonic plate subducts beneath the South American plate, creating a high seismic hazard along this coast. Onshore site development and preparation for LNG plant and export terminal construction in this area required a significant volume of excavation throughout the process area and storage area, which are located on a plateau cut to elevation 125 m, separated from the marine loading terminal by coastal cliffs. Steep cuts were incised into the plateau to build a 3.5H:1V sleeper way to allow the LNG cryogenic pipeline system to traverse down the cliff onto a marine jetty to reach the loading terminal. Approximately 230 thousand cubic meters of spoils resulting from the excavation of the sleeper way were pushed over the cliff onto the undercliff area. Additionally, about 630 thousand cubic meters of the stripped material from the process and tank area was pushed over the cliff onto existing colluvial materials in the undercliff. Soon thereafter a crack measuring about 0.3 m in width with a vertical displacement of 0.4 m, and sympathetic cracking occurred sub-parallel to the shoreline at numerous locations across the undercliff area.
Introduction
Development of an LNG export facility in Peru during early 2006 included excavation of a Quarry Haul Road and a pipeline Sleeper Way from the Plant Site (excavated to Elev. +125 m) down through the coastal cliffs to the lower levels near the sea shore where construction staging platforms K1, K2, and K3 were built (Figure 1 ). In addition, surface stripping and grade leveling activities were carried out at the Plant Site in preparation for the construction of the LNG processing train and storage tanks. Excavation totaled approximately 860,000 m 3 . A large portion of the stripped material was bulldozed over the cliff onto the existing colluvial materials in the undercliff area at different locations.
The Sleeper Way was built as a path for the LNG cryogenic pipeline to traverse the topographic relief of about 130 m over a distance of about 300 m from the Storage Area to the Beach Area. A 1.5-km long marine jetty would then carry the pipeline to an LNG carrier berthing area for export.
In late May 2006 a surface crack was identified along the Sleeper Way excavation, which enlarged to about 30 cm in width with a vertical displacement of 40 cm over the next 21 days. Additional surface cracking in the undercliff area extended approximately 600 m to the south of the Sleeper Way and about 400 m to the north, as well as heaving features near the shoreline.
This elicited the implementation of a geotechnical investigation that included the installation of eight inclinometers, I1 to I8, to identify the sliding surface, lateral extent of sliding, and to monitor the rate of movement. A network of about 42 surface displacement monitoring markers were also installed and surveyed periodically.
Interpretation of the pattern of surface cracks, inclinometer data, and surface survey monitoring measurements showed that the soil mass in the undercliff area between the toe of the cliff and the beach along the Sleeper Way was undergoing translational sliding. Movement was postulated to be occurring along an ancient sliding surface composed of claystone and siltstone contained within the Cañete formation and located at about Elev. -24 m to -28 m. The exact location of the offshore extent of the sliding surface is unknown, but it was considered to be between 60 m and 460 m from the toe of the slope below platform K1.
Figure 1 -Site layout
The undercliff area was subsequently regraded, largely by removal of the majority of the material dumped over the cliffs, to increase the factor of safety of the slope and stop movement. Hazard to the integrity of the future pipeline caused by static slope instability was considered to be mitigated. However, the project site is located in an area of high seismic activity due its proximity to the Nazca plate subduction zone on the coast of South America. Therefore a study was conducted (Golder Associates, 2007) to evaluate the likelihood and amount of slope movement for the design earthquake conditions. The recommendations of that study were implemented in the design of the pipeline and marine jetty.
This paper provides an overview of the site conditions and development of a Cumulative Density Function for seismically-induced slope displacement conditioned to the occurrence of the design earthquake scenarios. Focus is subsequently given to the effects of the 15 August 2007 M = 8.0 earthquake that occurred at a distance of 37 km from the site, and a Class C1 prediction (Lambe, 1973) of seismicallyinduced slope displacements using simplified methods for estimation of seismically-induced slope displacements.
Site Conditions and Material Characterization

Stratigraphic Sequence at the Site
As shown on Figure 2 , the basement rock at Pampa Melchorita is the marine Paracas Formation, which consists of calcareous sandstone and siltstone. The upper contact of the formation is sub-horizontal, with a very gentle dip toward the sea. The Cañete Formation overlies the Paracas Formation. The sediments of the Cañete Formation were deposited in a marine deltaic environment that was exposed to marine transgressions and progressive uplift of the ground as a result of the tectonic interaction of the Nazca and South American plates. From the basal contact with the Paracas Formation, up to Elev. +45 to +65 m, the Cañete Formation is a series of cemented conglomerates, with slightly cemented sand lenses, claystone and very compact siltstone. These lenses vary in thickness and lateral extent. When combined with the inclinometer drilling records from the undercliff area, it is possible to define a claystone layer in the vicinity of Elev. -24 to -28 m, coinciding with the failure surface identified in the inclinometers.
Above Elev. +45 m, and without a definite contact, the Cañete Formation is basically conglomeratic, even though it contains some sub-horizontal lenticular layers of fine-grained sediment. Both materials have less cementation than in the lower stratigraphic levels.
Late Pleistocene and Holocene surficial alluvial deposits fill eroded channels and depressions on the surface of the Cañete Formation. The alluvium consists of well-graded sand with some sub-angular and sub-rounded gravel. The thickness of these alluvial materials varies between 5 and 15 m. Eolian silty sand with thicknesses between 1 and 9 m overlies much of the area of the Cañete Formation. Colluvial and landslide debris covers the steep slopes along the cliff area to thickness of 40 m. In the beach area, marine sands of the active shoreline cover colluvium and conglomerate of the Cañete Formation. 
Seismic Setting and Ground Motions
High seismic activity at the site is caused by the Peru-Chile subduction zone. The subduction zone is formed when the Nazca oceanic plate comprising an approximately 75 kilometer thick section of the earth's crust is pushed underneath the South American continental plate. Relative plate motion is in an east-northeasterly direction at a rate of about 8 centimeters per year. Large magnitude earthquakes are produced when the stresses in the earth's crust causes it to fracture due to the forces generated by this collision.
Ground motions for the design earthquake scenarios described as Operating Basis Earthquake (OBE) and Safe Shutdown Earthquake (SSE) were developed following applicable building codes at the time design was carried out (MMI, 2007) . Building codes typically use a probabilistic approach in which the ground motions are defined for a specific return period, with a check using a deterministic earthquake scenario. Response spectra developed using the probabilistic approach therefore has a uniform return period. The OBE and SSE for this project, shown as response spectra with 5% damping on Figure 3 , were defined deterministically as the median and 150% of median ground motions, respectively, for a magnitude 8.0 intraplate earthquake at a distance of 37 km from the site. As such, these motions do not represent a uniform return period (or probability of exceedance) across all periods of the response spectra. 
Material Parameters
Considering the configuration of the sliding surface (Figure 2 ), the input parameters with greatest influence on the analysis of the stability are considered to be; 1) the normal stress on the sliding surface, which is in turn influenced by the unit weight of the materials above it; 2) the shear strength along the sliding surface, thus the strength of the claystone and the strength of the colluvium and disturbed conglomerate through which the surface passes; and 3) the excess pore water pressures that may exist along the sliding surface. The development of these parameters will be discussed in the following sections.
Claystone Shear Strength Parameters
Given the configuration of the sliding surface, one of the parameters with greatest influence on developing an understanding of the stability of the slope is the shear strength of the claystone. Samples of this clay typically exhibit high plasticity with a range of liquid limit (LL) between 30 and 100, and plasticity index (PI) between non-plastic (NP) and 52. X-ray diffraction tests indicate that the predominant clay mineral is calcium montmorillonite, which was consistent with estimates of the activity of clay-sized particles. Three Torsional Ring Shear (TRS) tests at three different confining stresses were conducted to measure the residual shear strength of these soils as a function of the applied normal stress (σ n). The variation of the residual secant friction angle was found to follow the relationship φ = φ Pa -Δφ·log(σn/Pa) ≥ φmin, where Δφ is the reduction in friction angle for a 10-fold increase in σn, Pa is the atmospheric pressure (101.3 kPa), φ Pa is the residual secant friction angle at σn = Pa, and φmin is the constant volume friction angle or lowest friction angle for the material. The residual shear strength is appropriate because the claystone layer is assumed to be an old pre-sheared sliding surface.
Interpretation of the laboratory test data yielded φ Pa = 10.3 degrees and Δφ = 2.9. A value of φmin = 5 degrees was chosen based on the index test data for the claystone and the corresponding value recommended by Stark et al. (2005) .
The shear strength of the claystone layer was determined from the laboratory results of TRS tests, which were performed at a relatively slow displacement rate of 1.5·10
-6 m/s (about 130 mm/day), whereas strains imposed due to inertia effects that develop during an earthquake are considered to be several orders of magnitude higher. As discussed in a subsequent section, the shear strength of the clay during an earthquake, should thus be considered to be higher than the shear strength measured in the TRS tests.
Series of tests at various rates of displacement were therefore performed on claystone specimens to study the effect of the rate of displacement. The test results indicated a range of strength increase with increasing rate of displacement between 0 and 9% per log cycle.
Colluvium and Disturbed Conglomerate Shear Strength Parameters
Unit weight or shear strength measurements of the material above the sliding surface (described as colluvium or disturbed conglomerate originating from the Cañete Formation) were not conducted. The variation of gradation and density of these materials both areally and with depth is such that obtaining in situ unit weight and strength measurements was considered impractical. Therefore estimates were used.
The unit weight for the colluvium and disturbed conglomerate was assumed to be 17.5 kN/m 3 and 20 kN/m 3 , respectively, above the water table and 20.7 kN/ m 3 and 21.5 kN/ m 3 , respectively, below the water table.
The friction angle of the disturbed conglomerate was assumed to be stress dependent according to the equation φ = φ Pa -Δφ·log(σn/Pa) ≥ φmin described in the previous section. Slope stability analyses were performed considering a value of φPa of 40 degrees, Δφ of 9 degrees, and φmin of 32 degrees. The value of φ Pa is lower and Δφ is consistent with friction angle values for conglomerates and gravels published by Duncan et al. (1980) .
Excess Pore Water Pressures
Five vibrating wire piezometers were installed within the claystone in boreholes at depths within and above and below the claystone where the translational sliding surface was identified. Interpretation of the data showed that piezometric levels were consistent with a water table at sea level with minor tidal influence.
Development of CDF for Seismically-Induced Slope Displacements
A decoupled approach was adopted to calculate seismically-induced slope displacements (e.g., Makdisi and Seed, 1978) . In this approach the dynamic response of the mass above the sliding plane is used to develop horizontal equivalent acceleration (HEA) time histories at the sliding surface for input into a Newmark (1965) rigid sliding block model. This approach does not consider that the relative displacement across the sliding surface affects the dynamic response of the sliding mass. However, it was considered appropriate given the well-defined geometry of the translational failure surface and the relatively high stiffness of the rock and soil materials above the sliding plane.
The following steps were followed in our calculations: (1) calculate the variability of the yield acceleration (ky, the horizontal acceleration required to meet a factor of safety of 1.0 in a pseudostatic slope stability analysis); (2) calculate the variability of slope displacements with ky; and (3) develop a cumulative distribution function (CDF) for slope displacement described as P(U > x│OBE) or P(U > x│SSE), corresponding to the probability of displacement U being greater than a given value x if the OBE or SSE have occurred, respectively.
Variability of the Yield Acceleration
The yield coefficient (k y) was computed for the cross section through the Sleeper Way considering the proposed final configuration shown on Figure 4 . The analyses were conducted using Janbu's (1968) generalized procedure of slices limit equilibrium method.
Consistent with the static condition, sliding was considered to occur along the claystone layer located approximately between Elev. -24 m and -28 m. Calculations were performed for combinations of the unit weight (γ sgc) of the colluvium of 16, 17.5, and 19 kN/m 3 , friction angle of this layer (φsgc) of 28, 30, and 32 degrees, and shear strength of the claystone layer using the low strain rate shear strength (φ = 10.3 -2.9·log(σn/Pa) ≥ 5 deg), as well as values 20%, and 50% greater than this. The effect of the rate of displacement on the shear strength of the claystone was included in the analysis by using the product of the low strain rate strength and a high strain rate strength factor (F T), where it is equal to 0, 0.2, and 0.5. A total of 27 combinations of parameters were evaluated and used to develop the following relationship k y = 0.058 + 0.0918·FT + (φsgc -28)·0.0005 + 0.003·(19 -γsgc), which matched the calculations. 
Calculation of HEA Time Histories
Equivalent non-linear site response analysis were performed using SHAKE91 (Idriss and Sun, 1992 ) and the interface program SHAKE2000 (Ordonez, 2006) . Site response was carried out to calculate the HEA time history, i.e., the ratio of the shear stress to the vertical stress at the bottom of the sliding surface.
Two different soil columns representing ground surface conditions at Elev. +30 m, and +55 m were used to capture the average ground response. The shear wave velocity for these profiles was based on in situ measurements performed at the site. The selected profiles are shown on Figure 5 . The base of the soil column was set to coincide with the siltstone and sandstone of the Paracas Formation at Elev. -38 m, having a shear wave velocity of 1,000 m/s.
The Darendeli (2001) confining stress dependent shear modulus reduction and material damping curves for soil with PI = 0 and confining stresses of 100, 400, 800, 1,200, and 1,600 kPa were used for soil in the analysis. The unit weight was assumed to be 17.5 kN/m 3 for the sand, gravel, and cobbles layer, 20 kN/m 3 for the conglomerate above the water table and 21.5 kN/m 3 for the conglomerate below the water table. 
OBE and SSE Ground Motions
Input ground motions were developed by spectrally matching recorded ground motions to "outcropping rock" deterministic response spectra for a magnitude 8.0 earthquake at 37 km from the site (Figure 3 ). Twelve time histories were developed from historical recorded motions of shallow crustal events with magnitude ranging from 7.3 to 8.4, and site to source distance of 12 to 100 km. The recorded peak ground acceleration ranged from 0.152 to 0.300g. The mean period (Tm after Rathje et al., 1998) The duration of the selected ground motions was characterized by the significant duration (D5-95) which quantifies the time interval between the points at which 5% and 95% of the Arias intensity (Ia) of the acceleration-time history ocurr. The D5-95 of the 12 ground motions selected was not significantly affected by spectral matching and ranged between 19.3 s and 49.1 s. The Arias Intensity (Ia), a measure of the earthquake intensity, ranged between 1.4 and 4.6 m/s for the OBE ground motions and between 5.2 and 16.8 m/s for the SSE motions.
Variability of Slope Displacement with ky
Permanent seismically-induced slope displacements were calculated using the 24 HEA time-histories (12 for the OBE and 12 for the SSE) and each of the two soil columns (in total 48 HEA) as input in a rigid sliding block analysis. A Java-based program (Jibson and Jibson, 2003) was used for this purpose. The horizontal equivalent acceleration represents the shear stress at the base of the sliding mass and is considered appropriate because it captures the cumulative effect of the non-uniform acceleration profile in the sliding mass, i.e., the dynamic response of the soil column. Potential displacements in the "upslope" direction were disregarded in the calculation.
As listed on Table 1 , the mean and standard deviation of the natural log of the displacement values for each profile and time history was calculated for ky = 0.06, 0.08, 0.10, 0.12, 0.14, and 0.16. The corresponding median (U = exp(μln)) and 84th percentile displacement (U = exp(μln+ σln)) is also provided. Input Variables and Probability Density Functions Triangular (T2) and uniform (Un) probability density functions (PDF) were used to describe the distribution of the input variables for the slope displacement analysis. Some variables were described by a Delta function (D), i.e. point values. The slope displacement, however, as a function of k y was assumed to follow a log-normal (LN) distribution (e.g., Bray and Rathje, 1998) . Table 2 lists the input variables, the PDF assigned, and the ranges used in the analysis. The selection of the range of some of these parameters is discussed in the following sections. 
Claystone High Strain Rate Shear Strength
The shear strength of the claystone that was used for static slope stability analysis was measured in torsional ring shear tests that were carried out at a relatively slow rate of displacement of 1.5·10 -6 m/s, whereas during earthquake shaking the average displacement along the claystone is considered to be at a rate between 0.1 and 0.02 m/s, i.e., 4 to 5 orders of magnitude greater. These average rates of displacement for seismically-induced slope displacements were derived from the average slope of the displacement vs. time traces obtained in the sliding block displacement calculations.
Most clays exhibit displacement (strain) rate dependent shear strength. Typically, the strength of a clay is considered to increase 10% over each 10-fold increase in the strain rate (e.g., Kulhawy and Mayne, 1990) . Given that the measured shear strength of the material increased at a rate between 0 and 9% for every tenfold increase (base 10 log cycle) in the rate of displacement and assuming a strength increase of 5% per log cycle, the shear strength corresponding to earthquake shaking would be between 20% and 25% greater than the shear strength used for static stability analysis. Consistently, Yoshimine et al. (1999) evaluated the rate of increase of strength along preexisting sliding surfaces in fine-grained soils and found that the dynamic strength increase ranges between 1.15 and 1.45 for a range of clay fraction between 20% and 50%.
Based on test data and the results published by Yoshimine et al. (1999) , a triangular distribution function (T2) ranging between 10% and 50% was assigned to the shear strength increase due to displacement rate effects (Table 2) .
Factor to Account for 3D effects
The yield coefficient was found to increase in the range of 7% to 14% along sections directly to the north and south of the 20 m wide Sleeper Way. The implementation of out-of-plane effects, or 3D effects, was therefore considered appropriate, and was quantified by using the product of ky for the section through the Sleeper Way and a 3D factor (F3D) for the slope displacement calculation. A triangular PDF (T2) ranging from 1.0 and 1.15 was considered to be appropriate for F 3D ( Table 2) .
CDF of Slope Displacement
The parameter PDFs, equations for ky, and mean and standard deviation of the slope displacement as a function of ky previously described were incorporated into a spreadsheet to perform a Monte Carlo simulation using 1,000 realizations with each variable randomized independently. The CDF for ky is provided in Figure 6 .
The resulting plot of conditional probability of exceedance of a given value of seismically-induced slope displacement (U) for the OBE and SSE events is provided in Figure 7 . The earthquake occurred at the interface of the South American and the subducting Nazca tectonic plates. The mechanism was reverse faulting over a fault with an azimuth of 324 degrees and a dip of 27 degrees. The closest distance (R) from the fault plane to the site is approximately 40 km.
Although the magnitude of the 15 August 2007 earthquake is the same and the distance (R) to the site is very similar to the design earthquake selected for development of the OBE and SSE ground motions, i.e., M = 8.0 R = 37 km, the 15 August 2007 earthquake was an interface event (movement between tectonic plates) whereas the design earthquake is a intraplate event (i.e., along faulting within the tectonic plate). This difference in seismic source mechanism causes significant differences in the intensity of shaking and general characteristics of the ground motions (e.g., Atkinson and Boore, 2003) .
Measured values of Peak Ground Acceleration (PGA) are not available for the site. Figure 8a shows the median ± one standard deviation values for rock (shear wave velocity, Vs > 760 m/s) and Figure 8b for soil (180 < Vs ≤ 360) sites using the attenuation relationship by Atkinson and Boore (2003) and the PGA recorded at strong ground motion stations as provided in Tavera et al. (2007) and Rodriguez-Marek et al. (2007) Given the small amount of strong ground motions stations that recorded the earthquake in the same distance range as the LNG site and the lack of site-specific recordings, the uncertainty in the PGA at the site is large. Based on Figure 8 , the value of PGArock was likely between 0.11 and 0.31 g.
The duration of strong ground motion caused by this earthquake was significantly longer than would be expected for shallow crustal earthquakes. We calculated the significant duration (D5-95) from the recorded acceleration-time history (E-W and N-S component) at five CISMID stations (data was provided courtesy of Prof. Adrian Rodriguez-Marek of Virginia Polytechnic Institute) and plotted the duration vs. distance to the fault plane together with the relationship developed by Abrahamson and Silva (1996) on Figure 9. Although the relationship was not developed for subduction zone earthquakes, the recorded data on "rock" and "soil" sites match well the 93 percentile and 95 percentile lines, respectively. The significant duration on "rock" at the site is likely to have been approximately 80 s, which is more than double the median value of 38 s. 
Effects of Earthquake on the Sleeper Way
Surface cracking developed on the Sleeper Way ( Figure 10 and Figure 11 ) at its intersection with the cliff (crack #1) and about 94 m down slope (crack #2). The vertical offset at crack #1 was measured to be between 2 and 5 cm and about 8 cm at crack #2. Other minor cracks were also identified but these exhibited small vertical offsets of < 1 cm. 
Displacement Measurements
Surface Markers An array of surface movement survey markers had been installed in June 2006 throughout the undercliff area to monitor surface movement as an indicator of slope instability. Measurements at these markers had been carried out periodically including a few days prior to the earthquake and were repeated few days after the earthquake.
Inclinometer I2
Crack at intersection of cliff and Sleeper Way (crack #1)
Crack at about 95 m downslope (crack #2) Prior to the earthquake, surface movement was identified at; BN3, BN4A, BN5A, and BN6 due to localized slope instability on platform K4; C7 and M2 in the south spoils disposal area; and BSN1 to BSN9 towards the southern portion of the property. Figure 12 shows typical plots of horizontal and vertical movement measured at surface markers in the days before and after the earthquake. These measurements were carried out by placing a total station on benchmarks C6 and C11 on the cliff and taking readings at prisms placed on each marker up to several hundred meters away. The measurements are therefore relative to C6 and C11 and their accuracy is affected by air moisture, temperature and other factors that cause the pre-and post-earthquake variability noticeable in Figure 12 . 
Inclinometer Installations
Prior to the earthquake, the undercliff area had eight operational inclinometers, I1, I2, I3, I4, I5, I7, I8, and I10 that were used to monitor static load induced slope displacements. Instruments such as I2 and I7 had cumulative static displacements between 40 and 45 mm prior to the earthquake. The rate of movement at these installations prior to the earthquake was negligible except at I10, which is located on the beach at the toe of the slope of platform K4, where movement was at a rate of about 0.16 mm/day with an azimuth of about 220 degrees.
Seismically-induced slope displacement was measured at I1, I3, I4, I5, and I10, whereas slope movement caused inclinometers I2 and I7 to reach their maximum working offset and were rendered inoperable. No movement was measured at I8, which was located upslope of the previously identified slide mass and is an indication that, below ground surface, the portion of the Sleeper Way located to the east of the cliff did not move due to the earthquake (it had not moved prior to the event either).
As shown on the plots of displacement with elevation for I4 and I5 on Figure 13 , movement occurred as a sliding block across the same claystone layer that had been identified as the sliding surface for the static load induced slope movement. Measured displacements range between about 18 to 50 mm (Table  3) . Horizontal displacement vectors for inclinometer locations were calculated and range between 220 and 252 degrees (Table 3) , which is approximately perpendicular to the direction of the contours of the slope. The slide mass is considered to have moved consistently with the sliding block model given that the displacement measured at ground surface (Figure 12 ) in the range of 50 to 60 mm is similar to the displacement measured across the sliding surface ( Figure 13 ). Lambe, 1973) of the seismically-induced slope displacements was carried out using a methodology similar to that described in previous sections for design purposes. In lieu of site-specific ground motion time histories, we implemented the Bray and Rathje (1998) simplified procedure using a Monte Carlo simulation to
Inclinometer I4
Inclinometer I5
Caused by Earthquake
Caused by Earthquake develop a CDF to describe the conditional probability of exceedance of a value of horizontal slope displacement (U) after the 15 August 2007 event. The probability is described as P(U > x|Aug 15, 2007 EQ).
The simplified procedure provides a formulation to calculate slope displacements as a function of the yield coefficient (ky), the maximum horizontal equivalent acceleration (MHEA), and the significant duration (D5-95). The following steps were followed:
• The k y function for the Sleeper Way and the input probability density functions for the independent variables described in previous sections was used to characterize the slope.
• Considering the large uncertainty in the value of the PGA at the site, the log-normal distribution of the value of PGA rock (Atkinson and Boore, 2003) was implemented in the Monte Carlo simulation.
• The MHEA was calculated by multiplying the PGA rock by 0.61, which corresponds to the ratio of MHEA and PGArock derived from the site response analysis carried out using OBE and SSE ground motion time histories.
• A value of D 5-95 = 80 s was used based on the analysis carried out in the previous section. Figure 14 presents the plot of probability of exceedance of a given value of seismically-induced slope displacement after the August 15, 2007 event. The measured displacements at inclinometer I3, I4, and I5 is 18 to 44 mm (Table 3) , and is in the range of 30 to 40% probability of exceedance values. Notably on Figure 14 , the calculations indicate a 52% probability of exceeding a displacement of 5 mm, which is considered as the lower limit of accuracy of the methodology, or conversely the calculations indicate a high likelihood that no displacements might have been measured at the site after the earthquake. 
Summary and Conclusions
The soil mass in the undercliff area, between the toe of the cliff, and the beach in the vicinity of the Sleeper Way is underlain an ancient sliding surface composed of claystone that is located at approximately between Elev. -24 m to -28 m. Sliding under the Sleeper Way was accelerated or reactivated by earthworks in which a significant amount of loose granular material (about 630,000 m 3 ) was pushed over the cliff and onto the upper portion of the slide (crest) and natural ground was cut at the bottom (toe) of the slope to construct the platforms for the marine works. This combination of filling and cutting caused a force imbalance that reactivated historic sliding. Sliding is considered to have occurred through the claystone layer in the past as part of the morphological development of the undercliff area. Interpretation of slope inclinometer data indicated that the slide mechanism was translational. A decoupled analysis of seismically-induced permanent slope displacements was carried out to estimate likely slope displacements following the occurrence of the design earthquake scenarios. A probabilistic approach was incorporated to develop a cumulative density function to describe the likelihood of exceedance of a given amount of displacement. Such curves were used in the design of the pipeline by increasing the wall thickness and adding an additional extensional loop in the area of the slope where displacement was expected to occur.
The August 15, 2007 M = 8.0 earthquake produced ground motions of significant intensity and duration at the project site causing translational movement along the previously identified failure surface. Our post earthquake survey of the site showed surface cracking throughout the undercliff area; raveling of cobbles off the cliffs, talus, and cut slopes; and some locations where blocks and portions of the cliff detached due to strong ground shaking.
Displacements across the claystone slip surface ranged between 18 and 44 mm near the Sleeper Way and 50 mm under platform K4. Surface displacements exhibited a larger range due to localized shearing and sliding and seismic compression of the colluvium as well as likely inaccuracies in the measurements. The earthquake also caused some movement at survey benchmarks located on the cliff. (These displacements at the survey benchmarks were likely due to relaxation of the Cañete Formation along vertical cracks.)
We performed a Class C1 prediction of the slope displacements using a methodology similar to what was used for design purposes together with the incorporation of the relationship recommended by Bray and Rathje (1998) . The measured range of displacements at inclinometers is within the 30% to 40% probability of exceedance values.
Although the calculations in the Class C1 prediction include a large degree of uncertainty given that site-specific ground motions are unknown, they validate the use of decoupled analyses for the estimation of seismically-induced permanent slope displacements.
Discussion on Applicability to Offshore Evaluations
The case history of seismically-induced slope displacements discussed herein provides insight into the ability of practicing engineers to predict the response of slopes to earthquake loading using the relatively simple approach of decoupled sliding block analyses. The use of a CDF developed with incorporation of epistemic uncertainty to describe likely seismically-induced displacements can be useful for offshore applications. Using an approach where owners and operators can see the probability of exceedance of given displacements (even if these are only indicative) of subsea slides would allow them to select design hazards according to the project risk profile and corporate risk tolerance. The model can either be conditioned to occurrence of a design event (as in this case) or fully coupled with the ground motion hazard curve (e.g., Sancio and Al-Sharif, 2016) to calculate annual probability of exceedance.
While this example involves stiff soils subjected to seismic loading, the approach described may also be used in forward analyses of the evaluation of the response of submarine slopes in materials that may exhibit strain softening upon shearing such as soft clays. To this end, a maximum allowable displacement should be considered, and the pipeline routed through areas that meet this design criteria.
